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(54) Improvements in or relating to MRI magnets 

(57) An open electromagnet including a pair of field 
coils which respectively comprise juxtaposed poles of 
the electromagnet between which an imaging volume of 
substantially homogeneous magnetic field is defined, a 
support structure which serves rigidly to support the 
field coils in spaced apart relationship, wherein the sup- 
port structure comprises two steel plates between 
which the field coils are positioned, the relative position 
of the field coils and the plates being such, having 
regard to the magnetic field strength of the electromag- 
net, that forces of magnetic attraction between the field 
coils are at least partly counter-balanced by forces of 
attraction between the plates and the field coils, 
whereby force on the field coils and their associated 
support structure due to the forces of attraction between 
the poles is significantly reduced or nullified. 
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Description 

This invention relates to electromagnets for use in 
magnetic resonance imaging (MR I) systems and in par- 
ticular to magnets which are open, i.e., magnets in 5 
which an imaging volume wherein that portion of a 
patient being imaged is positioned, is not surrounded by 
the magnet. 

A special requirement for MRI is a strong uniform 
magnetic field, typically 0.2 to 2 Tesla, with a field homo- 10 
geneity of a few parts per million in the imaging volume, 
typically a sphere of 30cm to 50cm in diameter. Most 
commonly such a field is produced by an electromagnet 
having a solenoid construction but this necessitates a 
patient being surrounded by the magnet and enclosed is 
within a tube, which can cause a feeling of claustropho- 
bia. However by using open magnets, to which this 
invention particularly relates, this problem is overcome. 

Open electromagnets for use in MRI systems are 
well known. One known form of electromagnet com- 20 
prises a pair of juxtaposed magnetic poles of opposite 
polarity between which the imaging volume is defined, 
which poles are linked and supported by a yoke which 
provides a magnetic flux return path and which princi- 
pally comprises a generally C-shaped iron frame. 25 
Because large amounts of iron are required, these 
known C-shaped magnets are very heavy, especially for 
high field magnets which require many tonnes of iron to 
define the flux return path. 

Another known form an open electromagnet, often 30 
described as a 'split pair*, comprises a pair of juxta- 
posed sets of coils, which are generally of a solenoid 
construction and may include a bore tube around the 
axis. The sets of coils are held apart by a support struc- 
ture so that access may be gained to the imaging vol- 35 
ume between them along any of the principal axes of 
the system. Such a system is described in US Patent 
Serial Number 5381 122 and in a paper by Laskaris et 
al, entitled 'A Cryogen-Free Open Superconducting 
Magnet for Interventional MRI Applications' published in 40 
IEEE Transactions in Applied Superconductivity, Vol- 
ume 5, Number 2, June 1995. 

The magnetic force between the juxtaposed mag- 
netic poles of known open magnets is very large, and 
accordingly this imposes large forces on a structure 45 
used to support the poles. Moreover, in superconduct- 
ing electromagnets, wherein field windings which define 
the poles are contained in a cryostat, mechanical 
design problems arise due to the requirement for sup- 
porting, within the cryostat, windings which are sub- so 
jected to this very large magnetic force. In known 'split- 
pair' systems, this problem is overcome by arranging 
that the supporting structure which resists this magnetic 
force is connected directly between the windings and is 
therefore maintained at the same low temperature as ss 
the windings. However this requires large structural 
components which extend across the gap between the 
juxtaposed poles, severely restricting the openness of 
the system and requiring a very complex and expensive 



arrangement for the cryostat. 

An alternative approach is to transmit forces acting 
on the cryostatically contained juxtaposed windings 
mechanically to *warm' parts of the cryostat structure, 
and to provide a support frame which serves to hold the 
two cryostats apart. Conventionally, 'cold' components 
within a cryostat are supported by means of rods or 
bands made from material with a low thermal conductiv- 
ity and high strength, such as glass fibre reinforced 
plastics material. However the magnetic forces between 
the poles are many times greater than forces due to 
their weight, with the result that supporting bands or 
rods must have a much larger cross-section to transmit 
these forces and consequently they allow a much larger 
flow of heat into the 'cold' parts of the system. In a sys- 
tem cooled by liquid helium this results in a high rate of 
evaporation of the liquid, and in a system cooled by a 
cryogenic refrigerator this results in excessive power 
consumption. 

It is known that the use of large amounts of iron in 
close proximity to the coils will substantially modify the 
forces acting on the coils. For example, in Danby et al, 
PCT WO88/04057, the forces on the coils in an iron 
shielded magnet are reduced by more than an order of 
magnitude by suitable positioning of the coils relative to 
the iron. However, this does not address the weight 
issue, which in the case described results in a system 
weighing in excess of 100 tonnes in order to limit the 
stray field to a reasonable value. 

It is therefore an object of the present invention to 
provide an open electromagnet with low weight and 
reduced stray field, wherein the requirement for sub- 
stantial support members within the cryostat is obvi- 
ated. 

According to the present invention, an open electro- 
magnet includes a pair of field coils which respectively 
comprise juxtaposed poles of the electromagnet 
between which an imaging volume of substantially 
homogeneous magnetic field is defined, a support 
structure which serves rigidly to support the field coils in 
spaced apart relationship, wherein the support structure 
comprises two plates of magnetic material, between 
which the field coils are positioned, the relative position 
of the field coils and the plates being such, having 
regard to the magnetic field strength of the electromag- 
net, that forces of magnetic attraction between the field 
coils are at least partly counter-balanced by forces of 
attraction between the plates and the field coils, 
whereby forces of attraction between the poles are 
transmitted to the support structure magnetically via 
said plates, and a pair of shielding coils, the coils of the 
pair being respectively positioned between the plate 
and the field coil of opposing poles, which shielding 
coils are energised in a sense opposite to the field coils. 

The counter-balancing may be magnetically 
adjusted so as to counter-balance magnetic forces only. 
However, it will be appreciated that in older to compen- 
sate also for forces due to the weight of field coil compo- 
nents it is possible to arrange that the forces of 
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attraction between the plate and the field coils are 
greater in an upper of the two poles than corresponding 
forces in a lower of the two poles. This difference 
between upper and lower poles is necessary to achieve 
a counter-balance which takes account of forces due to 
weight, because in the upper pole the weight acts in the 
same direction as forces of attraction between the 
poles, whereas in the lower pole it acts in the opposite 
direction. 

Thus it is arranged that the net forces acting 
between the poles although substantially unaltered, are 
confined to components which are at room temperature 
whereby the need for substantial structural support 
members within the cryostat is obviated. 

The electromagnet may include a pair of shielding 
coils, the coils of the pair being respectively positioned 
between the ptate and the field coil of opposing poles, 
which shielding coils are energised in a sense opposite 
to the field coils. 

There may be provided at least one pair of shim- 
ming coils positioned respectively between the field 
coils on each side of the imaging volume. 

The support structure may comprise a non-mag- 
netic frame to which the plates are attached. Alterna- 
tively, the plates may form a part of a magnetic yoke 
which at least partly defines the support structure. 

The electromagnet may be a superconducting elec- 
tromagnet, wherein the coils are cryostaticalfy con- 
tained in liquid helium or directly refrigerated. 

One embodiment of the invention will now be 
described by way of example only with reference to the 
accompanying drawings, in which, 

FIGURE 1 is a somewhat schematic side view of a 
■C electromagnet for an MRI system, and. 
FIGURE 2 is a somewhat schematic side view of an 
alternative 'C magnet for use in an MRI system. 

Referring now to Figure 1 , a *C electromagnet com- 
prises a pair of poles 1 and 2 having a pair of field coils 
3 and 4 respectively, which provide a substantially a 
homogeneous magnetic field in an imaging volume 5. 
The field coils 3 and 4 are positioned between a pair of 
shielding coils 6 and 7, which are energised in a sense 
opposite to the sense in which the field coils 3 and 4 are 
energised. In order to homogenise the magnetic field in 
the imaging volume 5 as required for good imaging, two 
pairs of shimming coils 8, 9 and 10, 11 are provided, 
which are positioned between the imaging volume 5 
and the field coils 3 and 4. 

The coils are supported on formers 12 and 13 to 
withstand inter-coil forces and the formers 12 and 13 
are secured via strong points 1 2a and 1 3a respectively. 
The coils 3, 6, 8, 10 and 4, 7, 9, 1 1 are mounted on the 
formers 12 and 13 respectively which are contained in 
cryostat vessels 14 and 15 respectively. The formers 12 
and 13 are connected to the low temperature stage of a 
2-stage cryogenic refrigerator (not shown) to cool them 
to a low temperature so that the coils 3, 4, 6. 7, 8. 9, 10 



and 1 1 become superconducting. The first stage of the 
cryogenic refrigerator is connected to radiation shields 
1 6 and 1 7 to cool them to a temperature of around 60K 
to minimise the amount of heat radiated onto the coils. 

5 Spaces 1 8 and 1 9 within the cryostat vessels 1 4 and 1 5 
respectively are evacuated. 

There are very high magnetic forces between the 
coils 3, 6, 8 and 10 and the coils 4, 7, 9 and 1 1 which are 
supported by the formers 12 and 13. The resultants of 

10 these forces, which attract the former 12 towards the 
former 1 3 are counterbalanced by forces which attract 
the coils 3, 6, 8, 10 and 4, 7, 9, 1 1, respectively towards 
steel plates 20 and 21 which form part of the cryostat 
vessels 14, 15. These steel plates 20, 21 and hence the 

is cryostat vessels 1 4, 1 5 are supported by a structure 22. 
The extent to which the force between the set of coils 3, 
6,8,10 and the steel plate 20 counterbalances the force 
attracting the coils towards the opposite pole can be 
adjusted by varying the separation between these coils 

20 and the plate 20. As the plate is brought in closer prox- 
imity to the coils, the force of attraction between the set 
of coils 3, 6, 8, 10 and the plate 20 increase while the 
force attracting the set of coils towards the opposite pole 
remains substantially constant. There is a point, which 

25 can be calculated using commercially available finite 
element computer programs, at which the forces are 
balanced so that there is no net magnetic force acting 
on the set of coils 3, 6, 8, 10 and their former 12. 

This equilibrium point is achieved with a separation 

30 which depends on the size of the steel plate; i.e. the 
greater the thickness the greater the separation. 

Although the resultant magnetic forces acting on 
the formers 12 and 13 are much reduced, they are not 
zero, since it is also necessary to support the weight. 

35 However, as hereinbefore explained it is also possible, if 
required, to compensate for forces due to weight. Con- 
ventional support rods are provided for support pur- 
poses, of which only some (23a, 23b, 23c, 23d) are 
shown for clarity. The size of these rods, and hence the 

40 amount of heat they conduct, to the cold parts of the 
system, is substantially the same as those used in con- 
ventional superconducting magnets since (if weight is 
not compensated for) they need to support only the 
weight of the system, rather than the many tonnes of 

45 magnetic force associated with known split-pair and 
open magnets. It will be apparent that if weight is com- 
pensated for even smaller size rods may be used. 

The foregoing description refers to a system in 
which the coils are cooled directly from a cryogenic 

so refrigerator. However, an alternative arrangement would 
be to contain the coils and former within a container 
filled with liquid helium within the cryostat vessels. 

Referring now to Figure 2, wherein parts corre- 
sponding to Figure 1 bear, as appropriate, the same 

55 designations. A magnet supporting structure comprises 
a steel magnetic flux return yoke 26, which is coupled to 
steel rings 24 and 25, which are positioned between the 

v field coil 3 and the shielding coil 6 in one pole and the 
field coil 4 and the shielding coil 7 in the other pole of the 
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electromagnet. As shown in Figure 2, the rings 24 and 
25 are arranged to form part of cryostats 14 and 15. 

In Figure 1 and in Figure 2, it will be appreciated 
that the effect of the shielding coils 6 and 7 is to con- 
strain the magnetic return flux. This flux constraint is s 
aided substantially in the arrangement of Figure 2 by 
the provision of the steel magnetic flux return yoke 26. 

In both embodiments of the invention, as hereinbe- 
fore described, forces on a structure which supports the 
coils within the poles of a 'C electromagnet are sub- 
stantially nullified or significantly reduced by suitable 
positioning of field coils of the magnet with respect to 
steel plates between which the field coils are coaxially 
positioned. It will be readily appreciated that the precise 
position of the field coils will be chosen having regard to 
the strength of the magnet and the pole dimensions, so 
that the required degree of force balancing is achieved. 
It will also be appreciated that although a *C* configura- 
tion magnet has been hereinbefore described the inven- 
tion may equally well be applied to other open magnet 
configurations such as 'H' or 'temple' configurations for 
example. 



netic yoke which at least partly defines the support 
structure. 

5. An open electromagnet as claimed in any preced- 
ing Claim, wherein the electromagnet is a super- 
conducting electromagnet, wherein the coils are 
cryostatically contained and maintained at temper- 
atures close to absolute zero utilising a refrigerator. 

6. An open electromagnet as claimed in any preced- 
ing Claim, wherein the electromagnet is a super- 
conducting electromagnet wherein the coils are 
cryostatically contained in liquid helium. 

7. An open electromagnet as claimed in any preced- 
ing Claim which is of 'C configuration. 

8. An MRI system including an open electromagnet as 
claimed in any preceding Claim. 
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Claims 

25 

1 . An open electromagnet including a pair of field coils 
which respectively comprise juxtaposed poles of 
the electromagnet between which an imaging vol- 
ume of substantially homogeneous magnetic field 
is defined, a support structure which serves rigidly 30 
to support the field coils in spaced apart relation- 
ship, wherein the support structure comprises two 
plates of magnetic material between which the field 
coils are positioned, the relative position of the field 
coils and the plates being such, having regard to 35 
the magnetic field strength of the electromagnet, 
that forces of magnetic attraction between the field 
coils are at least partly counter-balanced by forces 
of attraction between the plates and the field coils, 
whereby forces of attraction between the poles are 40 
transmitted to the support structure magnetically 
via said plates, and a pair of shielding coils, the 
coils of the pair being respectively positioned 
between the plate and the field coil of opposing 
poles, which shielding coils are energised in a 45 
sense opposite to the field coils. 



2. An open electromagnet as claimed in Claim 1, 
wherein there is provided at least one pair of shim- 
ming coils, positioned respectively between the so 
field coils on each side of the imaging volume. 



3. An open electromagnet as claimed in Claim 1 or 
Claim 2, wherein the sipport structure comprises a 
non-magnetic frame to which the plates are ss 
attached. 



4. An open electromagnet as claimed in Claim 1 or 
Claim 2, wherein the plates form a part of a mag- 
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